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INTRODUCTION: How novel protein architec-
tures evolve remains poorly understood. The
rearrangement of domains with preexisting
functions into new composite architectures
through exon shuffling is a powerful path to
form genes encoding proteins with novel func-
tionalities. Although exon shuffling is thought
to account for the evolution of many protein
structures, the source of new exons and splice
sites as well as the mechanisms by which they
become assimilated have been scarcely char-
acterized. In this work, we investigate the con-
tribution of DNA transposons to the formation
of novel protein-coding genes through exon
shuffling during vertebrate evolution.

RATIONALE: DNA transposons are widespread
mobile elements encoding transposase proteins
that promote their selfish replication in host
genomes. Transposases typically contain DNA
binding and catalytic nuclease domains, which
may be repurposed for cellular functions. By
inserting functional domains into newgenomic
contexts, transposase sequences can generate
host-transposase fusion (HTF) genes through

alternative splicing. Several genes with critical
developmental functions, such the Pax transcrip-
tion factors, are thought tohavebeenborn through
this process. However, the mechanism by which
transposase domains are captured to generate
HTFs, how common this process is, and the func-
tions of most known HTF genes remain unclear.

RESULTS: We used comparative genomics to
survey all tetrapod genomes with available gene
models (596) for putative HTFs. We identified
106 distinctHTFs derived from94 independent
fusion events over the course of ~300 million
years of evolution. We found that most HTFs
evolved through the alternative splicing of host
domains to transposase proteins using splice
sitesprovidedby the transposon.The transposase
domains of all HTFs analyzed (81) are evolving
under purifying selection, which suggests that
they have been maintained for organismal
function. The domain composition of HTF
proteins indicates that most of them consist
of transposase DNA binding domains fused
to host domains that are predicted to func-
tion in transcriptional and/or chromatin regu-

lation, especially the repressive Krüppel-
associated box (KRAB) domain (involved in
~30% of all HTFs), which suggests that many
HTFs function as transcriptional regulators.
Supporting this hypothesis, we show that four
independently evolved KRAB-transposase fusion
proteins repress gene expression in a sequence-
specific manner in reporter assays. Further-
more, loss of function, rescue, and regulatory
genomics experiments in bat cells revealed
that the bat-specific KRABINER fusion protein
binds hundreds of cognate transposons genome-
wide and controls a large network of genes
and cis-regulatory elements.

CONCLUSION: Our findings confirm that exon
shuffling is a major evolutionary force generat-
ing genetic novelty. We provide evidence that
DNA transposons promote exon shuffling by
inserting transposase domains in new genomic
contexts. This process provides a plausible path
for the emergence of several ancient transcrip-
tion factors with important developmental
functions. By illustrating how a transcription
factor and its dispersed binding sites can
emerge simultaneously froma single transposon
family, our results bolster the view that trans-
posons are key players in the evolution of gene
regulatory networks.▪
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factors by transposase capture
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Ellen J. Pritham2, Cédric Feschotte1†

Genes with novel cellular functions may evolve through exon shuffling, which can assemble novel
protein architectures. Here, we show that DNA transposons provide a recurrent supply of materials to
assemble protein-coding genes through exon shuffling. We find that transposase domains have been
captured—primarily via alternative splicing—to form fusion proteins at least 94 times independently over
the course of ~350 million years of tetrapod evolution. We find an excess of transposase DNA binding
domains fused to host regulatory domains, especially the Krüppel-associated box (KRAB) domain,
and identify four independently evolved KRAB-transposase fusion proteins repressing gene expression in
a sequence-specific fashion. The bat-specific KRABINER fusion protein binds its cognate transposons
genome-wide and controls a network of genes and cis-regulatory elements. These results illustrate how a
transcription factor and its binding sites can emerge.

G
ene duplications contribute to the birth
and functional diversification of many
genes (1), including developmental re-
gulators (2, 3). Although gene duplicates
can evolve diverging developmental

functions relative to their parental gene, their
domain architectures and biochemical activities
tend to remain the same (2, 3), and proteins
with novel biochemical functions arising
through gene duplication (4, 5) appear to be
rare (6). Although completely new proteins can
occasionally evolve de novo from previously
noncoding sequences (7, 8), the most obvious
path to forming proteins with new function-
alities is the rearrangement of domains with
preexisting functions into new composite
architectures through exon shuffling. Exon
shuffling occurs when new combinations of
exons are assembled through RNA splicing,
and it may have created new protein archi-
tectures in eukaryotic evolution (9). Although
the process of exon shuffling may account for
the evolution of many new protein architec-
tures (10–12), the source of new exons and the
mechanisms by which they become assimi-
lated have been scarcely characterized. Here,
we investigate the role of DNA transposons as
a source of raw material for the birth of novel
proteins through exon shuffling.
DNA transposons encode transposase pro-

teins, which recognize and mobilize DNA
through direct sequence-specific interaction
with their cognate transposons (13). The canon-

ical architecture of transposase proteins con-
sists of a DNA binding domain and a catalytic
nuclease domain. Both domains may be re-
purposed or domesticated for cellular function
(13). Moreover, the mobility of DNA transposons
may facilitate exon shuffling by inserting these
functional domains into new genomic contexts,
where they may be spliced to generate host-
transposase fusion (HTF) genes.
Three genes born via transposase capture

have been documented: one specific to placen-
tal mammals [GTF2IRD2 (14)] and two specific
to primates [SETMAR (15) and PGBD3-CSB
(16)]. A similar scenario has been proposed to
explain the origin of the paired DNA binding
domain of the Pax family of transcription
factors (TFs). However, because of the deep
ancestry of Pax genes, which coincides with
the emergence of metazoans, the precise steps
by which these factors evolved has been ob-
scured (13, 17). Further, the extent of trans-
posase capture, the mechanisms facilitating
it, and the functions of the resulting genes
often remain unclear.

Transposase capture is a recurrent mechanism
for novel gene formation in tetrapods

To identifyHTFgenes, we surveyed all tetrapod
gene annotations [using the National Center
for Biotechnology Information Reference Se-
quence (NCBI Refseq) database; table S1] that
are predicted to encode proteins with at least
one domain of transposase origin (Pfam; table
S2) fused in-frame to a host-derived protein
sequence [using the Conserved Domain Archi-
tecture Retrieval Tool (CDART)] (18). We also
required RNA sequencing (RNA-seq) evidence
supporting all annotated exon-intron junc-
tions (19). To trace the evolutionary origin of
each HTF gene, we used a homology-based

approach (BLASTn) to query all vertebrate
genomes available in theNCBI Refseq database
for syntenic orthologs and paralogs. An HTF
was considered to be orthologous in two or
more lineages if it fulfilled the following crite-
ria: (i) had a hit containing both the trans-
posase domain and the host domain in the
same transcript (nr/nt database) or in the
same orientation on the same contig (Refseq
genomes database) and (ii) was located in a
syntenic region of the genome, determined by
the identity of flanking genes. This analysis
yielded 106 individual HTF genes originating
from 94 independent fusion events and 12 sub-
sequent duplication events across the 596 spe-
cies we examined (Fig. 1 and table S3).
Placing fusion genes onto the species phy-

logeny suggests that they have evolved contin-
uously during evolution (Fig. 1). Some fusion
events (11.6%) preceded the divergence of
tetrapods [>350 million years (Ma) ago],
whereas others, conserved across narrow spe-
cies lineages (<5 species; 26.1%) or found in
a single species (21%), arose more recently
(Fig. 1 and table S3). Several species’ lineages
experienced multiple HTFs of recent origins,
as in the green anole (n = 6), the Burmese
python (n = 3), the tropical clawed frog (n = 2),
and the vespertilionid bats (n = 2), which is
consistent with recent episodes of DNA tran-
sposon activity in these lineages (Fig. 1) (20–24).
Mammals generally have more HTF genes
(mean = 40.8 ± 3.55) than other clades (reptiles,
mean = 29.3 ± 1.53; amphibians, mean = 30 ±
2.65), which reflects apparent bursts of HTF
evolution in mammalian (5.3% of all events),
therian (3.2%), and eutherian (8.4%) ancestors.
All known major eukaryotic DNA transposon
superfamilies contribute to HTFs (Fig. 1), but
Tc1/mariner (36.1%), hAT(23.4%), andPelement/
Kolobok (21.3%) transposases predominate,
whichmirrors the success of these superfamilies
throughout tetrapod evolution (13, 25).
To validate that the transposase coding re-

gion of each HTF gene has evolved under
functional constraint, we performed codon
selection analysis on the transposase domain
of each HTF shared by two or more species
separated by >50 Ma of divergence. All tested
HTFs (n = 81) display signatures of purifying
selection on their transposase domains [ratio
of the number of nonsynonymous substitu-
tions per nonsynonymous site to the number
of synonymous substitutions per synonymous
site (dN/dS) < 1; P < 0.05, likelihood ratio test
(LRT)] (table S3), which supports their domes-
tication for organismal function.
To further assess the functional capacity of

HTF genes, we used publicly available data to
examine the RNA expression patterns across
54 tissues for 44 HTFs present in the human
genome (GTEx portal). Each of the genes were
expressed [transcripts per million (TPM) > 1]
in at least one human tissue and could be
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classified into three categories: lowly expressed
broadly (TPM> 1 in 80% of the tissues, n= 23),
highly expressed broadly (TPM > 10 in 80%
of tissues, n = 12), and tissue-restricted
(TPM> 1 in <20% tissues, n = 9) (fig. S1). These
data suggest that most human HTF genes are
broadly expressed and may function in a
variety of contexts. Collectively, these data
demonstrate that HTF has been a recurrent
mechanism for the generation of novel cellular
genes in tetrapod evolution, including at least
44 HTFs in humans.

Transposase capture occurs through
alternative splicing

To illuminate the mechanism by which trans-
posase domains are captured to form new
chimeric proteins, we examined the gene struc-
ture ofHTFs. In all cases, the transposase-derived
domains are encoded by exons distinct from the
host domains, which suggests that transposase
capture occurred through splicing events. To
further delineate the process, we investigated
in detail the birth of KRABINER, a recently
evolved HTF in vespertilionid bats. KRABINER
is predicted to encode a 447–amino acid protein

consisting of an N-terminal Krüppel-associated
box (KRAB) domain fused to a full-length
Mlmar1 mariner DNA transposase (Fig. 2A).
Using a combination of comparative genomics,
polymerase chain reaction (PCR), and reverse
transcription polymerase chain reaction (RT-
PCR) (19), we inferred that KRABINER origi-
nated in the common ancestor of the nine
vespertilionids examined, but after their diver-
gence fromminiopterids—~45Maago—through
the following steps: (i) mariner insertion into
the last intron of ZNF112, a gene present in all
eutherian mammals; (ii) alternative splicing
to the upstream exons of ZNF112 using a
splice acceptor site preexisting in the ances-
tral Mlmar1 mariner transposon; and (iii) a
unique single nucleotide deletion in the trans-
posase coding sequence that generated a single
open reading frame coding the chimeric protein
(fig. S2 and Fig. 2B). This sequence of events is
similar to the process that resulted in SETMAR
(15) and PGBD3-CSB (16) originating in the
primate lineage, and it suggests that DNA
transposons have features that may facilitate
their capture through alternative splicing. Alter-
natively, acquisition of a splice site by a DNA

transposonmay increase its ability to generate
an HTF gene.
We surveyed all HTF gene models for

evidence of alternative splicing and found
unequivocal evidence for the coexistence of
both fusion and parental gene transcripts for
most of the youngHTFs (18 of 33HTFs<100Ma
old). As HTFs were retained within genomes
over time, the ancestral parental transcripts
were lost, and only the fusion transcript was
generally detected (Fig. 2C and table S3). These
findings suggest that most HTFs are born as
alternatively spliced variants of an ancestral
gene, but over time the HTF transcript often
becomes the primary or sole transcript for that
gene. Thus, alternative splicing may represent
a mechanism for the assimilation of trans-
posase domains by the host proteome.
The splice site enabling the capture of

KRABINER’s transposase was provided by
the ancestral Mlmar1 mariner transposon
(fig. S2C). To investigate whether this is a
more general mechanism of novel gene evolu-
tion, we selected eight additional HTFs derived
from recent transposon families to trace the
origin of the splice site used for transposase
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Fig. 1. Gene birth by transpo-
sase capture in tetrapods.
Tetrapod phylogenetic tree with
boxes representing HTF fusion
genes. Colors indicate the trans-
posase superfamily assimilated.
Numbers in parentheses indicate
the number of HTF genes identi-
fied in the specified lineage. OWM,
Old World monkeys; NWM, New
World monkeys; GM, gray mouse;
Oth., other; H., hystricoid; C.,
castorid; M., muroid; Miniopt.,
miniopterid; Vesper, vespertilionid;
S.S., soft-shelled; B., bearded
dragon; G., green; B., Burmese
python; L., lacertid; J., Japanese;
T., tropical; A., African; M., moun-
tain; LCA, last common ancestor;
MY, million years.
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capture. In all cases, we found that the splice
site was directly derived from the transposon
sequence. We then generated a majority-rule
consensus sequence for each family to approx-
imate the ancestral transposon [data 1 (26)].
For six of eight HTFs, the splice site sequence
was strictly identical to that of the consensus
sequence; in the remaining two, the splice site
differed from the consensus by a single sub-
stitution (Fig. 2D). Though we cannot exclude
the possibility of independent splice-site ac-
quisition, these results suggest that they pre-
existed in the ancestral transposon.

Fusion of transposase DNA binding domains to
KRAB is prevalent

To explore the cellular function of HTFs, we
first characterized their protein domain archi-

tecture and composition (Fig. 3A and fig. S3).
Among transposon-derived domains, DNA bind-
ing domains predominate (76.5%; fig. S3),
although some HTFs also include catalytic or
accessory transposase domains (fig. S3). Among
host domains (i.e., not normally found in
transposases), we identified 55 distinct con-
served domains, most of which (76%) were in-
volved in a single fusion event (Fig. 3A). Several
of the host domains are predicted to function
in transcriptional and/or chromatin regulation,
such as the KRAB, SET, and SCAN domains
(27–29). KRAB was the host domain most
frequently fused to transposase: We inferred
this domain to have been involved in 32 inde-
pendent fusion events across the phylogeny,
accounting for approximately one-third of all
HTFs (Fig. 3A). KRAB domains are abundant

in tetrapod genomes and most commonly
found in KRAB–zinc finger proteins (KRAB-
ZFPs), an exceptionally diverse family of TFs
(>200 genes in most tetrapod genomes; 487 in
humans) (30). Although it is possible that the
frequency of KRAB-transposase fusions reflects
the natural abundance of KRAB domains,
the identification of two independent KRAB-
transposase fusions in bird genomes, despite
their paucity in KRAB-ZFPs (approximately
eight genes per genome) (30), suggests that
the combination of KRAB and transposase
may be evolutionarily adaptive.

KRAB-transposase fusions act as sequence-
specific repressors of gene expression

Given the prevalence of KRAB-transposase
fusions and the canonical function of KRAB
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domains in establishing silent chromatin when
tethered to DNA (27), we next used these genes
as a paradigm to test the hypothesis that
transposase fusion creates novel sequence-
specific transcriptional regulators.We selected
four recently emerged KRAB-transposase fu-
sions for which we had generated consensus
sequences of their cognate transposon family,
enabling us to identify their terminal inverted
repeats (TIRs), which typically contain the
transposase binding site (fig. S4). We cloned the
consensus sequence of each TIR or a scrambled
version upstream of a firefly luciferase re-
porter and measured luciferase expression in
HEK293T cells in the presence or absence of a
vector expressing the cognateHTFprotein. Each
KRAB-transposase fusion protein repressed
luciferase expression in the presence of its
cognate intact TIR but not the scrambled

sequence (Fig. 3B). These results indicate that
KRAB-transposase proteins can repress gene
expression in a sequence-specific manner.
To test whether KRAB-transposase repres-

sion is dependent on KAP1 (TRIM28), the
transcriptional corepressor often recruited by
theKRABdomain (27), we repeated the reporter
assays in HEK293T cells that lack KAP1 (31).
The results (fig. S5) show that repression by
KMARD1 and KTIGD1 is dependent on KAP1,
whereas KRABINER and KTIGD3 are only
partially dependent on KAP1.
To further dissect the requirement of indi-

vidual domains, we generated two mutant
versions of KRABINER by altering residues
predicted to compromise DNA binding activ-
ity (mutDBD) or the function of the KRAB
domain (mutKRAB). To generate the DBD mu-
tant, we exploited the similarity of KRABINER’s

mariner transposase to that of Mos1 (23), a
transposon from Drosophila. Electrophoretic
mobility shift assays demonstrated that a single
point mutation in the first helix-turn-helix
motif of the Mos1 transposase was sufficient
to abolish binding to its TIR (32). We mutated
the homologous site in KRABINER’s DBD, as
well as three additional residues that directly
contact TIR DNA in the Mos1 transpososome
crystal structure (33) (fig. S4B). To generate
the KRABmutant, we introduced several point
mutations altering conserved residues previ-
ously identified as critical for KRAB-mediated
repression (34–37). Although themutDBD and
mutKRAB proteins were expressed at compa-
rable levels to wild-type (WT) KRABINER
(fig. S4C), both failed to repress reporter gene
expression (Fig. 3C). Together, the results of
these reporter assays support the hypothesis
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that KRAB-transposase fusions yield modular
proteins functioning as sequence-specific tran-
scriptional repressors.

KRABINER regulates transcription in bat cells

To further test whether transposase capture
gives birth to transcriptional regulators, we
investigated the ability of KRABINER to
modulate gene expression in embryonic fibro-
blasts of the bat Myotis velifer, where the
gene is endogenously expressed (fig. S2). We
used the CRISPR-Cas9 system to engineer
a KRABINER knockout (KO) cell line with
a pair of guide RNAs (gRNAs) designed to
precisely delete the mariner transposon from
the ZNF112 locus, leaving the rest of the gene
intact (Fig. 4A and fig. S6). We then used
a piggyBac vector to deliver transgenes at

ectopic chromosomal sites into the KO cell
line to establish independent clonal lines re-
introducing the WT KRABINER (n = 4 cell
lines), the predicted DNA binding mutant
(mutDBD; n = 3), or the predicted KRAB
mutant (mutKRAB; n = 3) (fig. S6). Each
transgene was cloned under the control of a
tetracycline-inducible promoter and contained
a C-terminal myc tag to monitor protein ex-
pression (Fig. 4A and fig. S7). The noninduced
condition showed leaky expression more closely
recapitulating the level of WT KRABINER
transcription (hereafter referred to as rescue),
whereas transgene induction resulted in
KRABINER overexpression (OE) relative to
the parental cell line (fig. S8A).
To investigate whether KRABINER modu-

lates transcription, we profiledKRABINERKO

and WT cells with precision run-on followed
by sequencing (PRO-seq), which provides a sen-
sitive measurement of nascent transcription
throughout the genome, including genes bodies
and transcribed regulatory elements (TREs)
such as promoters and enhancers (38, 39). By
quantifying changes in gene body transcrip-
tion, we identified 2644 genes differentially
transcribed between WT and KO cells—1295
were up-regulated in KO (UP), 1349 were
down-regulated (DOWN) (DESeq2; Wald test;
adjusted P < 0.05) (40)—which suggests that
KRABINER is capable of regulating genic
transcription. To identify transcriptional changes
which require both the DNA binding domain
and KRAB activity of KRABINER, we also
assessed transcriptional changes in the trans-
genic rescue lines. Of the 2644 altered genes,
121 genes (43 UP and 78 DOWN) had their
transcription level consistently restored inWT
transgenic lines but not in any of the mutant
transgenic lines (Fig. 4B and table S4; overlap
P < 0.001; right-tailed hypergeometric test). A
similar pattern was observed for TREs (iden-
tified using dREG) (39), with 3472 differentially
transcribed TREs after loss of KRABINER, of
which 99 were restored exclusively in the WT
lines (33UPand66DOWN;Fig. 4C and table S5)
(overlap P < 0.001 for down-regulated TREs;
right-tailed hypergeometric test). A subset of
these TREs are associated with restored gene
body transcription (18%UP and 12%DOWN),
whereas others are distal (>100 kb) to genes
(18% UP and 33% DOWN) or associated with
genes bodies that are not differentially tran-
scribed (64% UP and 55% DOWN) (table S4).
Although our reporter assays indicate that
KRABINER can act as a strong repressor, our
loss-of-function analyses in bat cells suggest
that the protein exerts a range of transcrip-
tional modulation on the bat genome.
In addition to transcriptional changes spe-

cific to the WT transgenic lines, there were
several genes and TREs that were rescued by
the WT transgene and either the mutDBD
(100 genes and 79 TREs) or mutKRAB trans-
genes (73 genes and 65 TREs; fig. S9). Thus,
although at some loci KRABINER’s regulatory
activity appears to require both its DNA
binding and KRAB domains, its transcrip-
tional effects on other loci only requires one of
these domains. These mechanisms may also
explain the ability of KRABINER to either acti-
vateor repress transcription ina locus-dependent
fashion. Taken together, these data suggest that
KRABINER contributes to the transcriptional
regulation of a subset of genes and cis-regulatory
elements in the examined embryonic cell line.
To investigate whether KRABINER regulates

a discrete set of genes or a network of related
genes,we performedgene ontology enrichment
analysis (two-sided hypergeometric test, Bon-
ferroni step-down correction) for all genes
rescued by the WT transgene (n = 121) as well
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as additional target genes whose promoters
were found to be differentially transcribed in
the TRE analysis (n = 57) (table S4; ClueGO)
(19, 41). This analysis revealed a significant en-
richment for genes involved in negative regu-
lation of cell migration [gene ontology (GO) ID:
0030336; adjusted P = 2.1 × 10−6] and in
gastrulation (GO: 0007369; adjusted P = 2.5 ×
10−5) as themost enriched terms (fig. S10A and
table S5). Additional significant terms were
linked tomorphogenetic ordevelopmental path-
ways, including positive regulation of the Wnt
signaling pathway (GO: 2000096; adjusted P =

5.2 × 10−3), arterymorphogenesis (GO: 0048844;
adjusted P = 2.5 × 10−2), heart valve morpho-
genesis (GO: 0003179; adjusted P = 8.8 × 10−3),
and neural crest differentiation (GO: 0014033;
adjusted P = 2.2 × 10−2) (fig. S10A and table
S5). A similar result was obtained for the
down-regulated genes alone, which suggests
that KRABINER’s direct targetsmay be down-
regulated (fig. S10B and table S5). These re-
sults suggest that, in the embryonic cell line
examined, KRABINER regulates a set of genes
enriched for developmental functions, as may
be expected for a canonical TF.

KRABINER binds to many genomic sites, with
a preference for mariner TIRs
We next used chromatin immunoprecipitation
followed by sequencing (ChIP-seq) to deter-
mine whether and where KRABINER binds
throughout the bat genome. We profiled the
binding of myc-tagged KRABINERWT protein
in the KO cell line background as well as that
of mutKRAB and mutDBD mutant proteins
24 hours after induction of transgene expres-
sion (n = 3 each) (fig. S11). With these samples,
we called binding peaks using MACS2 (42) for
each genotype relative to input and filtered
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out the peaks identified in all three genotypes
(>50% reciprocal overlap), which are likely to
represent spurious or nonspecific interactions
(19). This analysis identified 1888 WT, 5702
mutKRAB, and 4264 mutDBD peaks, respec-
tively. The higher number of peaks obtained
with mutKRAB and mutDBD likely reflects
the higher expression of those transgenes re-
lative to the WT transgene (fig. S8). To iden-
tify genomic sites likely bound directly via
KRABINER, we focused on the WT peaks and
used the mutKRAB and mutDBD peaks as
additional filters or background sets.
Of the 1888 WT KRABINER binding peaks,

56% (n = 1070) were specific to the WT con-
dition, which suggests that most of KRABINER’s
binding requires both functional domains

(Fig. 5A). However, there were about twice
as many peaks shared between the WT and
mutKRAB conditions (n = 572; 28%) than
there were between the WT and mutDBD
conditions (n = 291; 15%) (>50% reciprocal
overlap; Fig. 5A), which suggests that most
of KRABINER’s binding is dependent on its
DBD. The set of peaks overlapping exclusively
between the WT and mutDBD conditions likely
represent indirect genomic interactions, pos-
sibly mediated through protein-protein inter-
actions via the KRAB domain (43) or other
region of the protein.
We then looked for sequence motifs that

might explain KRABINER binding to its
genomic sites (HOMER) (44). We extracted
a 200–base pair (bp) window centered on the
peak summit for all WT peaks and examined
which de novo motifs were enriched relative to
mutDBD peaks for the WT and WT-mutKRAB
peak sets or to the mutKRAB peaks for the
WT-mutDBD peak set. For the WT-only and
WT-mutKRAB peaks, the top enriched motif
(binomial test; P = 1 × 10−50 and P = 1 × 10−80)
was identical and resembled a bipartite region
within theMlmar1mariner TIR sequence that
aligns with the binding sites mapped previ-
ously for the Mos1 transposase (45) (Fig. 5B
and fig. S12). Of the additional 12 and 17
enrichedmotifs predicted for theWT andWT-
mutKRAB peak sets, respectively, all were
derived fromMlmar1 elements (fig. S12). We
identified only one enriched motif in the WT-
mutDBD peaks that bore no resemblance to
Mlmar1 TIRs or any known metazoan TF
[data 6 (26)]. These data suggested that the
WT and mutKRAB, but not mutDBD, pro-
teins bind manyMlmar1 elements dispersed
throughout the genome. Consistent with
this, Mlmar1 elements are enriched in WT
[log2 fold enriched (FE) = 4.43; P = 2.2 × 10−16]
and WT-mutKRAB peaks (log2FE = 4.95; P =
2.2 × 10−16), but not the WT-mutDBD peaks
[P = 0.63; two-sided binomial test, 1000
bootstraps (19)] (Fig. 5C). In total, the WT
KRABINER transgenic protein binds to 206
(8.5%) of all Mlmar1 elements annotated in
the bat genome assembly.
To determine where in the Mlmar1 ele-

ment KRABINER binds, we plotted the input-
normalized ChIP-seq reads for each genotype
over all Mlmar1 transposons in the genome.
We found that a fraction of these transposons
was bound by theWT andmutKRAB proteins,
but not the mutDBD protein, consistent with
the peak-based approach (Fig. 5B and fig. S12).
The ChIP-seq read coverage peaks within the
TIR regions, and especially the 3′ TIR (Fig.
5B and fig. S12), which is consistent with the
binding activity of othermariner transposases
(32, 33, 46). Collectively, our ChIP-seq data
demonstrate that KRABINER is capable of
binding numerous genomic sites, with a pre-
ference for Mlmar1 TIRs. Further, its ability

to bind Mlmar1 TIRs is dependent on its
transposase DNA binding domain.

KRABINER binding is associated with down-
regulation of nearby TREs

To test whether KRABINER binding leads to
transcriptional change, we next induced ex-
pression of the KRABINER transgenes and
performed PRO-seq 24 hours after induction
(OE)—conditions matching our ChIP-seq ex-
periments. We then identified TREs differen-
tially transcribed between the OE versus rescue
conditions, which are of the same genotype
and in principle differ only in the level of
KRABINER expression (figs. S7 and S8). Be-
cause TREs represent discrete transcriptional
units such as promoters and enhancers, we
reasoned that KRABINER binding to or
near these regions would more likely affect
transcription than binding within a gene
body. We identified 391 TREs (178 UP and
213 DOWN; Fig. 6A) that were differentially
transcribed upon OE of the WT KRABINER
protein but neither of the mutant proteins
(mutDBD or mutKRAB). Additionally, several
TREs were differentially expressed in the same
direction upon OE of the WT protein and either
mutDBD or mutKRAB (fig. S13), consistent with
the hypothesis that a subset of KRABINER’s
transcriptional changes require only one of its
functional domains.
To determine whether KRABINER binding

is associated with differential TRE transcrip-
tion, we first examined whether WT KRABINER
ChIP-seq peaks were located near (<1 kb) dif-
ferentially expressed TREs. Although the total
number of KRABINER peaks located nearby
differentially expressed TREs was small (n = 6),
it was a significant enrichment over the ran-
dom expectation [permutation test; log2FE =
2.58; empirical P = 0; 10,000 bootstraps (19)]
(fig. S14). Notably, all were down-regulated
TREs, consistent with the results of our re-
porter assays, which suggests that tethering
KRABINER to DNA induces local transcrip-
tion repression. Furthermore, five of six dif-
ferentially expressed TREs were located within
~1 kb of at least oneMlmar1 element, and the
TIRs of these transposons were located near
the summit of the KRABINER peaks. Finally,
several of the TREs connected with KRABINER
binding to nearby Mlmar1 elements were
also associated with changes in adjacent gene
expression.
For example, a differentially expressed TRE

is located in the promoter region of the bat
ortholog of the DNA damage-recognition
and repair-factor gene XPA, which is down-
regulated (Wald test; log2FC = −0.69; adjusted
P = 0.0079) upon WT KRABINER OE and is
located immediately adjacent to a mariner
TIR bound by KRABINER (fig. S15). A similar
pattern is seen for an intergenic TRE, located
between the bat homolog of the family with
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sequence similarity 174 member B (FAM174B)
and chromodomain helicase DNA binding
protein (CHD2) genes (fig. S16). This region
contains three distinct TREs, two of which
are down-regulated uponWTKRABINEROE
(Wald test; log2FC = −1.1; adjusted P = 0.04;
and log2FC = −1.09; adjusted P = 0.006, re-
spectively), and this change is associated with
KRABINER binding to the Mlmar1 TIRs im-
mediately upstream of these TREs (fig. S16).
Other regulated TREs include one located in
the promoter region of the bat homolog of the
small nuclear ribonucleoprotein polypeptide
A′ (SNRPA1) gene (Wald test; log2FC = −0.84;
adjusted P = 0.02), which is located down-
stream of four bound Mlmar1 elements (fig.
S17), and a distal TRE (Wald test; log2FC =
−1.24; adjusted P = 0.01) upstream of the
nucleoporin 50 (NUP50) gene (fig. S18). No-
tably, each of the KRABINER–down-regulated
TREs are near two or more bound TIR se-
quences, which suggests that KRABINER’s ef-
fect on TREsmay be strengthened by additional
binding sites.
Collectively, our PRO-seq and ChIP-seq data

demonstrate that KRABINER acts as a canon-
ical TF and that some of its transcriptional
regulatory activity in bat cells is accomplished
by KRABINER binding to its cognatemariner
TIRs. However, only a minority of genes reg-
ulated by KRABINER appear to be direct
targets, which suggests that KRABINER is
integrated within a complex transcriptional
network (Fig. 6B).

Discussion

Although gene birth through duplication has
been extensively documented, how novel pro-
tein architectures and biological functions are
born has remained poorly characterized. Here,
we validate that exon shuffling is a major evo-
lutionary force generating genetic novelty (9),
andweprovide evidence thatDNA transposons
fuel the process not only by supplying protein
domains to assemble new protein architec-
tures, but also, in many cases, by introducing
the splice sites that enable the fusion process.
Although these events must be relatively rare
on an evolutionary time scale, the mobility of
DNA transposons likely increases the proba-
bility of generating a functional gene via exon
shuffling by introducing genetic material into
new contexts. We also derived first principles
of how transposase-mediated exon shuffling
occurs, providing a foundation for the iden-
tification of HTF genes in other lineages.
Transposase-mediated exon shuffling offers

a plausible mechanism for the birth of known
developmental regulatory proteins, such as
Pax6, which controls eye development and
patterning across animals (47). Another ex-
ample is POGZ, a gene expressed predominantly
in the brain and associated with autism and
intellectual disabilitywhenmutated in humans

(48, 49). Although these are examples of HTFs
with relatively deep evolutionary origins and
likely serving broadly conserved functions,
our functional analysis of KRABINER—a bat-
specific protein with transcriptional modula-
tory activities—suggests that the process of
gene birth via transposase capture has been a
continuous source of regulatory innovation.
Many studies have implicated transposable

elements in the dispersion of TF binding sites
and cis-regulatory elements that have rewired
gene regulatory networks during evolution
(50–55). However, these studies do not explain
how a new regulatory network, including its
associated regulatory proteins, initially evolves.
The data presented here offer a plausible path
by which a new trans-regulatory protein and
its cis-binding sites in the genome simulta-
neously emerge from the same transposon
family (56). Historically this model has been
difficult to test because previously recognized
transposase-derived TFs (such as Pax) and
their network of regulated genes evolved
hundreds ofmillions of years ago,whichwould
have obscured the transposon origin of their
genomic binding sites. Our study ofKRABINER,
a recently evolved HTF, together with studies
of two other youngHTF genes evolved during
primate evolution—SETMAR [40 to 58 Ma
old (15, 57)] and PGBD3-CSB [>40 Ma old
(16, 58, 59)]—have captured the early steps
by which a new cis-regulatory circuit, includ-
ing both coding and noncoding components,
can emerge from a transposon family.
Although we focused on the tetrapod lineage

in this study, we propose that the principles
and implications of transposase capture re-
vealed herein extend beyond vertebrates. Trans-
posases are ancient and possibly the most
abundant and ubiquitous genes in nature (60),
and a variety of host domains that regulate
transcription exist in all branches of the tree of
life. It is easy to envision how these sequences
have provided the raw material for the assem-
blage of endless combinations of transposase-
host fusion proteins throughout evolution.

Materials and methods
Identifying and characterizing transposase
fusion genes

To identify HTF genes, we used a domain-
centric approach [CDART (18)] to identify
NCBI Refseq (61) tetrapod gene annotations
(table S1) that contained a transposase domain
(table S2), had two or more exons (to exclude
standalone transposases), and had RNA-seq
support for all annotated introns or were iden-
tified in de novo RNA-seq data [data 2 and
data 3 (26)]. We further characterized each
HTF by its domain structure, originating gene
and transposon, and the timing of gene birth
(19). We identified orthologs of each HTF gene,
where present, using a combination of homol-
ogy (BLASTn) and synteny (19). We further

assigned each HTF an age in units of million
years on the basis of the estimated evolution-
ary divergence [Timetree (62)] between all
species that have the HTF. Finally, we tested
the transposase domains of all HTFs con-
served in two or more species that diverged
>50 Ma ago for evidence of purifying selection
[phylogenetic analysis by maximum likelihood
(PAML) (63)], with significance determined by
comparing the estimated model with a model
assuming neutral evolution (LRT; P < 0.05; chi-
square distribution) (19).

Determining mechanism for HTF gene birth

We first stratified HTF genes into two classes:
genes born via splicing or via gene duplication.
Of those born via splicing, we considered gene
models containing both the original host tran-
script and the fusion transcript to have origi-
nated via alternative splicing. For a subset of
HTFs for whichwewere able to reconstruct the
consensus sequence of the originating trans-
poson (KTIGD1,KMARD1,KTIGD3,KRABINER,
KMARD4,KHATD2,TIGD-G1,TIGD-G4-Zscan29,
andMARD-G1), we also inferred whether the
splice site was present in the transposon and,
if so, whether it was also present in the con-
sensus sequence (19).

Tracing the birth and evolution of KRABINER

We first determined the timing of theMlmar1
mariner insertion into the ZNF112 locus using
both homology-based approaches (BLAST)
against publicly available bat genomes and
PCR amplification followed by sequencing of
the mariner insertion in an additional seven
bat species (19). We then performed RT-PCR
on cDNA from cell lines derived from three
bat species (M. velifer, Myotis lucifugus, and
Eptesicus fuscus) using primers designed to
either amplify the key splice junction (exons 4
to 5 and 5 to 6) or to amplify the full length
(exons 1 and 6) KRABINER (fig. S2 and table S6).

Luciferase assays

To assess the ability of four KRAB-transposase
fusion (KTF) genes (KRABINER, KMARD1,
KTIGD1, and KTIGD3), we performed lucifer-
ase reporter assays. For KRABINER, we also
included DNA binding domain or KRAB mu-
tant variants, which were generated on the
basis of preexisting studies of a closely related
transposon (32, 33) or studies that identified
residues critical for KRAB domain function
(34–37), respectively. For each HTF, we trans-
fected either WT or KAP1 KO HEK293T cells
(31) with three plasmids: a KRAB-transposase
fusion expression vector or empty vector, a
firefly luciferase expression vector with the
cognate consensus or scrambled TIR sequence
located immediately upstream of the promoter,
and a renilla luciferase expression vector as an
internal control. We lysed cells 48 hours after
transfection and split the lysate into five wells of
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a 96-well plate (n = 5 technical replicates). We
then measured firefly and renilla luminescence
by means of a plate reader and normalized
each value as follows to obtain a final relative
luminescence per replicate: [(KTF-lumfirefly /
KTF-lumrenilla) /mean(empty-lumfirefly / empty-
lumrenilla)] (19). We repeated each experiment a
minimumof three times and considered differ-
ences in mean relative luminescence signifi-
cant at adjusted P < 0.05 (pairwise Wilcoxon
testwithBonferronimultiple testing correction).

Generating and validating KRABINER KO and
rescue cell lines

We generated a KRABINER KO cell line using
the CRISPR-Cas9 system as previously de-
scribed (64). We used a pair of gRNAs [gRNA
1 (GL430169:87458-87477) - CATTTAGTTT-
CAGCCTCTCATGG; gRNA 2 (GL430169:
89264-89286) - TAATACGTAAGCTGCTGTGT-
GGG] that flank theMlmar1 mariner insertion
at the ZNF112 locus to precisely delete the
mariner element (fig. S6A), leaving the paren-
tal gene intact (19). After clonal expansion, we
identified a single cell line with a homozygous
deletion that we verified through Sanger se-
quencing. We further verified absence of
KRABINER transcription by RT-PCR (fig. S6B
and table S6).
To rescue KRABINER expression, we used

the piggyBac system to introduce transgenes
encoding inducible forms of either WT, DNA
binding mutant (mutDBD), or KRAB mutant
(mutKRAB) variants of KRABINER into our
KO cell line (19). Transduced cells were selected
through puromycin treatment (1.5 mg/ml) for
1 week, and then clonally expanded (n = 3
minimum). We verified insertion of the trans-
gene using PCR followed by sequencing (fig.
S7B and table S6) and expression of the trans-
gene at the RNA level throughRT-PCR (fig. S7C
and table S6) and PRO-seq (fig. S8A) and at the
protein level through Western-blot and immu-
nofluorescence assays (fig. S7) (19).

PRO-seq analysis

We performed PRO-seq on KRABINER WT
(n = 2), KO (n = 2), and rescue cell lines
(minimum n = 3). Rescue cell lines were
treated with 1 mg/ml doxycycline (induced,
OE) or not (noninduced, rescue) 24 hours
before PRO-seq. PRO-seq libraries (20 mil-
lion cells per genotype per treatment, >90%
viability) were prepared as previously de-
scribed (19, 38, 65, 66). Libraries were se-
quenced on an IlluminaNextSeq 500 platform
with 37 bp by 37 bp chemistry (table S7), and
raw reads for all samples are accessible at
SRP256595. We processed the resulting PRO-
seq data using a pipeline available at Zenodo
(19, 67). To quantify gene body transcription,
we defined gene body regions as the tran-
scription start site (TSS) plus 500 bp to the
transcription end site (TES) and the TSS

minus 500 bp to the TES for + and − strand
Myoluc2 ENSEMBL gene annotations, respec-
tively. We called TREs for each sample using
dREG (39) and merged [bedtools merge (68)]
to generate a comprehensive TRE set. We quan-
tified read counts in both gene bodies and TREs
at single nucleotide resolution using a custom
script and bedtools map (68). TRE annotations
and bigWig coverage files for each sample are
available at GSE148789.
We performed differential transcription

analysis for the gene bodies and TREs sepa-
rately using DESeq2 (40). We performed three
comparisons: KRABINER KO versus WT; WT,
mutDBD, or mutKRAB rescue versus KO; and
WT, mutDBD, or mutKRAB OE versus rescue.
We considered a gene or TRE to be regulated
by KRABINER if it exhibited significant (ad-
justed P < 0.05; Wald test) reciprocal changes
in theKO versusWT and theWT rescue versus
KO comparison or if it was differentially tran-
scribed in the OE versus rescue comparison
(adjusted P < 0.05; Wald test). Raw expression
counts for genes and TREs as well as DESeq2
outputs for all comparisons are available at
GSE148789. We also performed gene ontology
enrichment for KRABINER-regulated genes
(table S4) (19).

ChIP-seq analysis

Weperformed ChIP-seq onKRABINER rescue
cell lines (minimum n = 3; 20 million cells
each; >90% viability) 24 hours after treatment
with 1 mg/ml doxycycline to induce transgene
expression (19). We prepared libraries for each
immunoprecipitation (IP) and input (3.33%
total sonicated chromatin for each sample,
pooled across genotype) using the NEBNext
Ultra II DNA Library Prep Kit for Illumina
(New England Biolabs, Ipswich, MA) accord-
ing to manufacturer instructions with four
cycles of PCR amplification. Libraries were
sequenced on the HiSeq 4000 platform in
PE150 mode (Novogene Corporation Inc.,
Sacramento, CA). Reads for all samples are
available at SRP256596.
We then quality processed reads, mapped

them to the Myoluc2.0 assembly, and called
KRABINER binding peaks for each variant
(WT, mutDBD, and mutKRAB) relative to
matched input samples usingMACS2 (19, 42).
We removed peaks called in all three geno-
types, which are likely to be spurious, and
further subset the WT peaks into three cat-
egories: those specific to the WT transgene
and those shared between either the WT and
mutDBD or between the WT and mutKRAB
transgenes (19). To annotate the peaks, we
identified sequence motifs enriched in each
of the WT peak categories relative to a back-
ground set (all mutDBD peaks for WT only
and shared WT-mutKRAB or all mutKRAB
peaks for the shared WT-mutDBD peaks)
[HOMER, data 4 to data 6 (26)] (19, 44). We

then determined which transposable elements
(TEs) were enriched for KRABINER binding,
as previously described (69), and considered a
TE family to be enriched if it overlapped more
than expected by chance (binomial P < 0.05;
1000 shuffles). We further determinedwhether
KRABINER binding peaks were enriched in or
near differentially transcribed genes or TREs
using a pseudorandom shuffling method to
calculate empirical P values (significant at P <
0.05; 10,000 shuffles) (19). All raw and normal-
ized bigWig files [DeepTools, (19, 70)] and peak
files are available at GSE148789.
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A recipe for new genes
Most lineages contain evolutionarily novel genes, but their origin is not always clear. Cosby et al. investigated the origin
of families of lineage-specific vertebrate genes (see the Perspective by Wacholder and Carvunis). Fusion between
transposable elements (TEs) and host gene exons, once incorporated into the host genome, could generate new
functional genes. Examination of KARABINER, a bat gene that arose through this process, shows how the retention of
part of the TE within this gene allows the transcribed protein to bind throughout the genome and act as a transcriptional
regulator. Thus, TEs interacting within their host genome provide the raw material to generate new combinations of
functional domains that can be selected upon and incorporated within the hierarchical cellular network.
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